Introduction
It is well known that newborns and infants respond poorly to immunization with influenza virus vaccines. The unresponsiveness of neonates may be related to the high susceptibility of neonatal lymphocytes to tolerance (1) and/ or to the limited B cell repertoire (2) . The humoral immune response against the hemagglutinin (HA) of the influenza virus results from the activation of numerous clones with a broad array of specifities encoded by genes from various V L and V H families (3) . Previous studies of early anti-HA responses in newborn and adult BALB/c mice show that there are striking differences between the neonatal and adult repertoire. In newborns only a few clonotypes are expressed and generally they disappear in adults (2) . Failure of induction of humoral immune responses subsequent to neonatal immunization with virus can be easily circumvented by genetic immunization. Previously, we have shown that neonatal immunization with a plasmid expressing the HA (pHA) of influenza A virus WSN induced protective humoral and cellular responses characterized by hemagglutination Correspondence to: C. Bona Transmitting editor: Z. Ovary Received 8 December 1997, accepted 27 January 1997 inhibiting antibodies and priming of T h cells (4) . Whereas the CD4 ϩ T cells from animals immunized with pHA secreted mostly IFN-γ, after the virus boost they produced both IFN-γ as well as IL-4 (4). In order to explain the increased protection of the animals immunized as newborns with pHA, we studied the antibody response as well as clonotype reactivity pattern (RP) of animals immunized after birth with pHA or WSN virus. Our results showed that the vigorous priming effect of the neonatal immunization with pHA is related to the generation of memory cells which exhibit a clonotype RP and isotype pattern (IP) similar to that observed in adults immunized with virus or pHA.
Methods

Animals
BALB/c mice were purchased from the Jackson Laboratory (Bar Harbor, MN). Newborns were obtained from the Mount Sinai Animal Facilities. Eight-week-old DBA/2 mice used as recipients for splenic fragment assay were also purchased from the Jackson Laboratory. and influenza B virus Lee were grown in the alantoic cavity of 10-day-old embryonated chicken eggs, except for WSN virus that was grown in Madin-Darby bovine kidney cells. The viruses were grown and purified according to a previously described technique (5) . The virus concentration was estimated by the biuret reaction as well as by the hemagglutination assay and expressed as concentration of proteins or HA units respectively. The plasmid expressing influenza virus WSN HA, pHA, was kindly provided by Dr P. Palese (Mount Sinai School of Medicine, NY). It was constructed by inserting a cDNA derived from the HA gene of WSN virus into a pRc/CMV eukaryotic expression vector (Invitrogen, San Diego, CA). Gene expression is driven by the initial early promoter of cytomegalovirus. As control, we used the plasmid lacking the WSN-HA insert (pC).
Antigens
Immunization
The neurovirulence of WSN virus (6) and its dose-dependent lethal effect in newborn mice (7) as well as the analogy with conventional influenza vaccine prompted us to use an UVinactivated virus preparation. UV inactivation was carried out by exposing a purified viral suspension of 0.5 mg/ml under continuous stirring to a General Electric germicidal lamp of 30 W for 10 min at 45 cm distance.
Adult mice were immunized i.p. with 10 µg live virus while the newborns received 5 µg of the UV-inactivated virus, intramuscularly, within 24 h after delivery. Immunization with pHA was carried out by intramuscular injection of plasmid at a dose of 100 µg/mouse (3 times, days 0, 21 and 42) for adults and 30 µg/mouse (days 1, 3 and 6) for newborns (4) . In previous studies we showed that these schedules of immunization, while different for WSN and pHA, elicited maximum anti-HA response (4).
Splenic fragment assay for clonotype analysis
The splenic fragment assay was carried out as previously described (2, 8) . Briefly, single-cell suspensions from immunized mice were prepared from spleen by disruption with a 3 ml plastic syringe piston in a 70 µm nylon cell strainer. Cells (2ϫ10 7 ) were i.v. injected into irradiated (1300 rad) DBA/2 mice immunized at least 4 weeks before with live WSN virus. After 16-18 h the spleens from recipients were fragmented with a McIlvain tissue chopper (Brinckman, Westbury, NY). The fragments were washed twice by pipetting in bDMEM (0.45% BSA in Dulbecco's modified Eagle's medium) and then mixed with 200 HA units/ml of WSN virus in bDMEM, 100 fragments/5 ml. After 1 h of incubation at 37°C in 7% CO 2 , the fragments were transferred in 96-well plates at one/well and 200 µl of DMEM supplemented with 10% inactivated herd horse serum (Sigma, St Louis, MO), 2 mM glutamine, 1 mM pyruvate, 100 µg/ml gentamycin, 0.25 µg/ml amphotericin B, and incubated at 37°C in 7% CO 2 /93% O 2 and 100% humidity. The culture medium was harvested every 3 days over 1 month and was replaced with the same volume (200 µl/well) of fresh medium.
Radioimmunoassay (RIA)
Identification of clones producing anti-HA antibodies was carried out using microtiter flexible plates coated with WSN or B Lee viruses and then incubated with undiluted culture supernatants. The presence of the HA-specific antibodies was revealed using [ 125 I]rat anti-murine k-chain mAb. In parallel, RIA was carried out using a WSN-HA specific mAb (2G9), kindly donated by Dr Thomas Moran (Department of Microbiology, Mount Sinai School of Medicine NY). Clonotypes producing antibodies exhibiting a binding of at least 5% of the binding of mAb as well as a WSN binding/B Lee binding ratio Ͼ5 were considered as corresponding to HA-specific clonotypes. The clonotype nature was assessed also by isotyping and only those producing a single isotype were taken into account.
The RP was characterized by determining the binding of antibodies present in the supernatant culture of the splenic fragments to WSN, PR8, CAM, WES, DEN, BEL and B Lee viruses.
Isotypes were studied by RIA using microtiter plates coated with WSN virus and incubated with undiluted culture supernatants. The binding of antibodies to WSN virus was revealed with rabbit anti-mouse isotype kits (BioRad, Hercules, CA) and [ 125 I]goat anti-rabbit polyclonal antibodies (Boehringer, Mannheim, Germany) as secondary reagent.
Serum concentration of antibodies was measured by RIA using microtiter plates coated with WSN virus, incubated with serum samples at 1/50 dilution and, after extensive washing, with [ 125 I]anti-k antibodies. The concentration of antibodies was determined on the linear portion of a standard curve created with 2G9 mAb.
Statistical analysis
The comparison of the RP of the B cell clonotypes was carried out by statistical analysis using the Z-test, an equivalent of the χ 2 analysis (9). The P values were individually computed for each RP and for groups of RP (as shown in Tables 3 and 4) .
Results
Anti-HA antibody response
The serum antibody response was studied 1 or 3 months after the completion of immunization in mice immunized as newborns or adults with WSN virus or pHA. The data depicted in Table 1 shows that immunization of adults with virus elicited the production of a high amount of HA-specific antibodies which were substantially increased 7 days after boost. In striking contrast, the mice immunized as neonates with UV-inactivated virus and boosted with live virus were not able to produce anti-HA antibodies even 3 months after birth. Small amounts of antibodies can be detected at 1 and 3 months after immunization of newborns with pHA, but the production of anti-HA antibodies is significantly higher after the boost (particularly at 3 months after immunization) and comparable to the concentration of antibodies observed in adults primed with live virus. These results suggest that the neonatal immunization with pHA primed memory lymphocytes. As expected, the pC did not elicit primary response and after boost the response was similar to that observed in adult mice immunized with live virus. These results show that while the genetic immunization was able to efficiently prime the newborns and adults, the inoculation of UV-inactivated WSN virus into neonates led to unresponsiveness.
RP analysis
Clonotype RP was determined by studying the binding of antibodies to six H1N1 strains of influenza A virus. Among the 63 theoretically possible combinations, a lower number of reactivities was observed ( Table 2 ). The frequency of clonotypes was considerably increased in adults immunized with virus and pHA or with pHA as newborns compared with those immunized with pC. The clonotype RP of various groups of mice is depicted in Table 2 and further analysis shows that the reactivities fall into three main categories of RP: monoreactive RP comprising clonotypes that reacted only with WSN, double-reactive RP corresponding to clonotypes reacting with WSN and another virus, and multireactive RP comprising clonotypes that bound to three or more viruses. The data presented in the Tables 3 and 4 show distinct RP in newborns versus adults immunized with WSN virus. While in adults we noted monoreactive, double-reactive and multireactive clonotypes both at 1 and 3 months following immunization with virus, the newborns exhibited predominant expansion of monoreactive clonotypes. It is noteworthy that the frequency of clonotypes was considerably lower in the animals immunized as newborns with virus than that with pHA ( Table 2 ). The low frequency of clonotypes in animals immunized with virus correlates with low antibody response. The clonotypes observed in 1-month-old mice immunized as newborns with WSN virus can represent the clones which were not anergized or those activated in vivo by T cell help from the recipient mice, i.e. DBA/2 mice previously immunized with WSN virus. The most striking observation of our study is that the RP of clonotypes from animals immunized as neonates with pHA was quite similar to that observed in adults, consisting in monoreactive, double-reactive and multireactive RP clonotypes.
IP of the clonotype antibodies
As it is illustrated in Table 5 , all the mice immunized with virus as adults or newborns displayed a clonotype IP quantitatively dominated by the IgG2a isotype, reaching 100% in the case of WSN virus-immunized newborns. The adults immunized with virus produced anti-HA antibodies of various isotypes. In striking contrast to the IP of clonotypes from virus-immunized adults, the IP of pHA-immunized adults showed an evident dominance of IgM and IgG1 at 1 month post-immunization and of IgA (51.5%) at 3 months after immunization while the IgG2a antibodies decreased to low values (10%). Whereas IgG2a still remained dominant in pHA-immunized newborn mice, other isotypes were observed (IgG2b and IgG3, and IgM and IgG1).
Discussion
The newborns mount poor antibody responses, in particular to T-independent antigens (10), and are more susceptible to B and T cell tolerance induction (11) . The newborns are characterized by a predominance of immature B cells (sIgM ϩ sIgD -) that undergo anergy or deletion subsequent to the engagement of the sIg by soluble or membrane bound antigens respectively (12) . Recent studies showed that a large part of the peripheral B cells of newborns are recent emigrants from bone marrow (sIgM ϩ sIgD -) which retain the sensitivity to antigen-mediated negative selection (13) . The poor B cell responsiveness of the newborns can be explained by the differences regarding the B cell receptor signal transduction in immature versus mature B cells rather than the inability to receive T help or the differential expression of isotypes (14) . However, there are sufficient mature IgM ϩ IgD ϩ cells in the periphery of newborns that can be primed by T-dependent antigens to become plasma or memory cells. There is a large body of evidence showing that newborns are a Percentage of the reactive clonotypes out of the total number of clonotypes analyzed. b Statistical analysis carried out by comparing the frequency of reactive clonotypes out of the total number of splenic fragments corresponding to mice immunized with virus and pHA and to mice injected with pC.
c Percentage of the reactive clonotypes out of the total number of splenic fragments studied.
able to mount antibody response to various antigens that are associated with T h 2 responses (15) . The failure of the UV-inactivated WSN virus to induce protective immunity upon neonatal inoculation is due to the induction of B cell unresponsiveness, as revealed by the inability to mount proper humoral responses against live WSN virus (Table 1) . The poor B cell responsiveness to live WSN virus of the mice immunized as newborns with UVinactivated WSN persisted at least 90 days. Adoptive cell transfer of splenocytes from mice immunized as newborns with UV-inactivated WSN virus into irradiated DBA/2 recipients followed by in vitro stimulation with virus resulted in low but significant activation of clones producing only monoreactive HA antibodies (Table 2 ). This suggests that neonatal immunization with UV-inactivated WSN virus resulted in anergy rather than deletion of WSN virus highly specific B cell precursors. The anergy was broken by T cell help from the recipient DBA/2 mice and/or by in vitro stimulation with virus. B cell clonotypes originating from mice immunized as newborns with UV-inactivated WSN virus secreted IgG2a (Table 5) , highly specific for the homologous virus (Table  2) . However, the frequency of B cell clonotypes of mice immunized as newborns with UV-inactivated WSN virus, was significantly reduced as compared to pHA-immunized newborn or adult mice and WSN virus-immunized adult mice (Table 2 ). It is noteworthy that mice immunized as newborns with UV-inactivated WSN virus were unable to develop a protective response (7) .
In stark contrast, neonatal inoculation of pHA resulted in effective priming of B cells specific for WSN virus, that was more evident at the age of 3 months. The secondary response subsequent to live virus boost consisted in antibody titers~4 times higher as compared to mice immunized with live virus only ( Table 1) . Our statistical analysis (Tables 2-4) might be influenced by the fact that a higher percentage of positive fragments is accompanied by a higher probability of having more than one clone/one fragment, resulting in clone to clone overlapping. In spite of the fact that clonotype overlapping might occur, our data clearly show that pHA immunization of neonates, as well as pHA or WSN immunization of adults primed cross-reactive B cells ( Table 2 ). The ability of DNA immunization to circumvent the poor B cell responsiveness as well as the restricted clonotype repertoire of neonates (2) was associated with a significant protection of the pHA-immunized mice as newborns against a challenge with WSN virus or the drift variant, PR8 virus (4).
Several factors may account for the efficient priming of neonates by genetic immunization: (i) sustained presence of small amounts of antigens expressed by the pHA efficiently prime the mature B cells (sIgM ϩ sIgD ϩ ) which gradually occur after birth; (ii) there is a rapid replacement of restricted clonotypes characteristic for the neonate repertoire (2) with those predominant in the adult repertoire; and (iii) the adjuvant effect of unmethylated CpG motifs of the vector which results in a strong co-stimulation of B cells (16) . All these factors may contribute to an enhanced protective immunity of animals immunized with pHA as newborns.
Previously it was shown that the IgG2a is the predominant isotype of serum anti-influenza antibodies produced subsequent to immunization with virus (17) or plasmids expressing influenza virus genes (18) . The analysis of isotypes of in vitro produced clonotype anti-HA antibodies is partly in agreement with these previous data. However, our data show that IP of clonotypes diversify in adults immunized with virus or pHA and that less extensive diversification occurs also in pHA-immunized newborns. It is noteworthy that in adults at 3 months after pHA immunization, the IgA isotype became predominant. This finding may be critical for the understanding of the enhanced protection against challenge of pHA-immunized mice with a lethal dose of virus. One may envision that in the case of animals vaccinated with plasmid, the IgA anti-HA specific memory B cells are rapidly expanded and may increase local immunity at the entry site of the virus.
In summary, our study showed that while the immunization of neonates with UV-inactivated WSN virus led to long lasting anergy and lack of protective response against challenge with lethal dose of live virus, the immunization with pHA elicited an antibody protective response similar to that induced in adult animals. This may be related to an expansion of an adult-like clonotype RP in animals immunized with pHA as neonates.
